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Magnetoresistance devices  o f f e r  some a t t r a c t i o n  for  use i n  

low vol tage ,  high c u r r e n t ,  DC t o  AC conversion, It is n o t  

d i f f i c u l t  t o  c o n s t r u c t  devices  which have an o f f - f i e l d  r e s i s t a n c e  
\ 

of less than 0,001 ohm. This o f f - f i e l d  r e s i s t a n c e  i s  independent”  

of vol tage.  Thus, a thousand amperes would g ive  a 1 v o l t  drop 

a c r o s s  t h e  device.  The major problem i s  i n  ob ta in ing  s u f f i c i e n t l y  

l a r g e  on- f ie ld  r e s i s t a n c e  t o  achieve good e f f i c i e n c i e s  without  

major power expendi tures  i n  obta in ing  l a r g e  magnetic f i e l d s .  

1. C l a s s i c a l  Magnetoresistance 

If  a c u r r e n t  car ry ing  conductor ( o r  semiconductor) i s  p laced  

i n  a magnetic f i e l d  R, t h e  Lorentz force on a charge carrier wi th  

E ’ 7k charge q and e f f e c t i v e  m a s s  m is s -g 
O X  

- dF - qE + s (Y x a) at- C 
F =  

- F = mv = charge c a r r i e r  momentum 

v = charge c a r r i e r  ve loc i ty  

E = electr ic  f i e l d  

c = v e l o c i t y  of l i gh t  

- 
- 

For a m a t e r i a l  where t h e  momentum of the charge c a r r i e r  is  

governed by a f i n i t e  mean free t i m e  between c o l l i s i o n s  T then 

equat ion (1) becomes 

*This paper  i s  a condensation of r e p o r t s  EE-87 and EE-96 
submitted t o  NASA, research sponsors under Grant N o ,  NSG-279-62 ,  
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Then t h e  c u r r e n t  dens i ty  is 

where 
- 
J = e l e c t r o n  c u r r e n t  dens i ty  

J = hole  c u r r e n t  dens i ty  
n 

P 
- 

= hole  mobi l i ty  

= e l e c t r o n  mobil i ty  'n 
0 = conduct iv i ty  

For normal magnetoresistance it has  been shown t h a t  t h e  

v a r i a t i o n  i n  r e s i s t a n c e  r e s u l t i n g  from a magnetic f i e l d  obeys 

Kohler I s  r u l e  . Thus, 

where 

= t h e  ze ro  f i e l d  r e s i s t i v i t y ,  

p ( H )  = r e s i s t i v i t y  with an appl ied  magnetic f i e l d ,  H, and 

F = a func t ion  depending on t h e  phys ica l  p r o p e r t i e s  of t h e  

material and the geometr ical  conf igura t ion  of t h e  conductor. 

Making use of equat ions (3) and ( 4 ) ,  it i s  r e a d i l y  shown t h a t  

'Ziman, J. M., E lec t rons  and Phonons, Oxford Press, London, 
1960, p.  491. 
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The de r iva t ion  of t he  magnetoresistance e f f e c t  by t h i s  

c l a s s i c a l  method i s  appropr ia te  only f o r  simple m e t a l s  and 

degenerate  semiconductors i n  which t h e  energy su r faces  a r e  

s p h e r i c a l  and t h e  r e l axa t ion  t i m e  is independent of energy, 

The c l a s s i c a l  d e r i v a t i o n  always has  a s  i t s  r e s u l t  a quadra t i c  

dependence of t h e  r e s i s t i v i t y  on t h e  magnetic f i e l d ,  H, There 

a r e  many i n t e r m e t a l i c  and semiconductor compounds which ex- 

per imenta l ly  do no t  behave i n  t h i s  manner. In  o rde r  t o  expla in  

t h e  galvanomagnetic phenomena p e c u l i a r  t o  these  ma te r i a l s ,  more 

e l a b o r a t e  methods of ana lys i s  must be employed. 

2 .  The Mametores i s tance  E f f e c t  i n  InSb 

Rather than t h e  c l a s s i c a l  quadra t i c  dependence of magneto- 

r e s i s t a n c e  on magnetic f i e l d ,  t h e  compound semiconductor InSb 

d i sp lays  a change i n  r e s i s t i v i t y  p ropor t iona l  t o  t h e  magnetic 

f i e l d .  The explanat ion of t h i s  dev ia t ion  from t h e  c l a s s i c a l  

r e s u l t s  has  been inves t iga t ed  t h e o r e t i c a l l y  by a number of 

au thors  f o r  r e s t r i c t e d  ranges of temperature and magnetic f i e l d .  

I n  p a r t i c u l a r ,  it has been  shown t h a t  i n  a s t rong  magnetic f i e l d ,  

e l e c t r o n  motion normal t o  t h e  f i e l d  becomes quant ized such t h a t  

t h e  dens i ty  of e l e c t r o n  energy l e v e l s  and t h e  s c a t t e r i n g  mat r ices  

become func t ions  of t h e  magnetic f ie ld ,2  These r e s u l t s  have 

been app l i ed  t o  t h e  i n v e s t i g a t i o n  of magnetoresistance i n  InSb. 3 

~ 

'Adams, E. N.- and Holstein,  T. D , ,  "Quantum Theory of 
Transverse Galvanomagnetic Phenomena , '' J, Phys, Chem. S o l i d s ,  
Vol, 10, p. 254-276, 1959. 

Quantum L i m i t , "  J, Phys. Chem. So l ids ,  V o l .  16, 1960, p, 1-9, 
3Sladek, R. J,, "Magnetoresistance of High P u r i t y  InSb i n  t h e  



-4- 

Severa l  d i f f e r e n t  s c a t t e r i n g  models have been assumed by t h e  

var ious  authors ,  b u t  t h e  n e t  conclusion i n  each case  is  t h a t  

f o r  high p u r i t y  n-type InSb, t h e  magnetoresistance is  a l i n e a r  

func t ion  of H f o r  values  of H above a few hundred gauss.  

weak f ie lds ,  it has been shown t h a t  t h e  magnetoresistance v a r i e s  

from an H2 dependence t o  a l i n e a r  dependence a s  t h e  f i e l d  i s  

I n  

increased  from 0 t o  a f e w  hundred gauss. 4 

In those app l i ca t ions  where f i e l d s  of 10 k i logauss  o r  more 

are u t i l i z e d ,  t h e  magnetoresistance of InSb is  e s s e n t i a l l y  a 

l i n e a r  func t ion  of H. That is ,  t h e  r e s i s t i v i t y  of InSb can be 

expressed as 

= r e s i s t i v i t y  i n  magnetic f i e l d  H, PH 
po = z e r o  f i e l d  r e s i s t i v i t y ,  

K = p r o p o r t i o n a l i t y  cons tan t .  

I n  genera l ,  t h e  p r o p o r t i o n a l i t y  cons tan t  K i s  p r imar i ly  a 

func t ion  of t h e  mobi l i ty  and t h e  temperature. It is  independent 

of t h e  geometry of t h e  InSb sample. The n e t  magnetoresistance 

of an InSb sample i s  a funct ion of i t s  geometry. - 

~- 

'Bate,  R. T., Willardson, R. K., and B e e r ,  A ,  C . ,  "Trans- 
ve r se  Magnetoresistance and H a l l  E f f e c t  i n  N-type InSb, " 
J. Phys. Chem. S o l i d s ,  V o l .  9,  1959, pp 119-128. 
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3 .  Configurations f o r  Magnetoresistance Elements 

The  Corbino d i s k  i s  one of t h e  most common conf igura t ions  

used i n  magnetoresistance work. The z e r o - f i e l d  r e s i s t a n c e  i s  

given by t h e  equat ion 

p, = ze ro  f i e l d  r e s i s t i v i t y  

t = th ickness  

r2 = ou t s ide  r ad ius  

rl = i n s i d e  r ad ius  

With a magnetic f i e l d  appl ied  p a r a l l e l  t o  t h e  axis of t h e  

d i s k ,  t h e  c u r r e n t  dens i ty  w i l l  then have a component i n  t h e  9 

d i r e c t i o n  i n  add i t ion  t o  i t s  r a d i a l  component. Because of t h e  

geometr ical  symmetry, no Ha l l  f i e l d  can e x i s t  i n  t h e  8 d i r e c t i o n  

due t o  t h e  r a d i a l  component of c u r r e n t  dens i ty .  The only H a l l  

f i e l d  which can e x i s t  w i t h i n  t h e  d i s k  is  p a r a l l e l  t o  i t s  a x i s .  

This H a l l  f i e l d  i n  the  z d i r e c t i o n  r e s u l t s  from t h e  8 component 

of c u r r e n t  dens i ty .  

is p ropor t iona l  t o  the  r a d i a l  component, and t h e  H a l l  f i e l d  

i n  t h e  z d i r e c t i o n  i s  p ropor t iona l  t o  t h e  8 component, t h e  H a l l  

f i e l d  i s  p ropor t iona l  t o  t h e  inpu t  c u r r e n t  a s  i n  t h e  case  of 

Since t h e  6 component of c u r r e n t  d e n s i t y  

a r ec t angu la r  slab. In  t h i s  s i t u a t i o n ,  however, t h e  proport ion-  

a l i t y  cons t an t  r e l a t i n g  the H a l l  f i e l d  and t h e  inpu t  c u r r e n t  

is  small  i n  comparison with t h a t  found i n  a r ec t angu la r  s l a b .  

The r e s i s t a n c e  of t h e  d isk  can be expressed as :  
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R = R ( l+KIH)  -K2 F ( H )  
0 

where 

= z e r o  f i e l d  r e s i s t a n c e  
RO 

K1 = p r o p o r t i o n a l i t y  cons tan t  

K2 = propor t iona l i t y  cons t an t  

of bulk InSb 

due t o  geometry 

and F ( H )  i s  a funct ion of t h e  magnetic f i e l d ,  

F(H) t akes  is  quest ionable .  

above would i n d i c a t e  t h a t  F ( H )  is  of t h e  form: 

The exac t  form 

The theory of t h e  d i s k  presented  

F(H)  = H + A ~ H  ( 9 )  
The experimental  d a t a  f o r  var ious  d i s k s  i n d i c a t e  no v a r i a t i o n  

of r e s i s t a n c e  p ropor t iona l  t o  H2 f o r  f i e l d s  above a f e w  hundred 

gauss. Thus, it would appear t h a t  f o r  f i e l d s  up t o  2 2  k i logauss ,  

t h e  c o e f f i c i e n t  hl is  so s m a l l  t h a t  t h e  H2 t e r m  can be neglec ted ,  5 

For a rec tangular  s l a b  of InSb, equat ion (8) can be used 

wi th  d i f f e r e n t  c o n s t a n t s  t o  account f o r  geometry change. 

should be emphasized t h a t  a minimum H a l l  f i e l d  ac ross  t h e  device 

appears t o  reduce t h e  value of K i n  equat ion (8).  For example, 2 
p l a c i n g  l a r g e  H a l l  type con tac t s  on a r ec t angu la r  s l a b ,  and 

s h o r t i n g  t h e s e  con tac t s  increases  t h e  magnetoresistance.  

It 

'This conclusion is  v a l i d  only f o r  h igh-pur i ty  n-type 
p o l y c r y s t a l l i n e  InSb. For example: Gre'en, Milton, "Corbino 
Disk Magnetores i s t iv i ty  Measurements on InSb,"  Jou rna l  of 
Applied Physics ,  Vol. 3 2 ,  N o .  7, 1961, l ists  r e s u l t s  f o r  
s i n g l e  c r y s t a l  InSb i n  which t h e  magnetoresistance v a r i e s  wi th  
H2 f o r  f i e l d s  up t o  4-6 ki logauss ,  v a r i e s  a s  H f o r  f i e l d s  of 
6-15 k i logauss ,  and then  begins t o  approach a z e r o  s lope  f o r  
f i e l d s  i n  t h e  v i c i n i t y  of 2 0  k i logauss .  
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W e  have experimentally inves t iga t ed  t h e  rec tangular  s l a b ,  

t h e  Corbino d i s k ,  and var ious o t h e r  geometr ical  conf igura t ions .  

I n  genera l ,  t h e s e  var ious specimens have been t h e  sc raps  obtained 

f r o m  c u t t i n g  rec tangulgr  s lqbs  and Corbino d i s k s  from InSb ingots .  

Supr i s ingly  enough, some of t hese  r a t h e r  odd-shaped p i eces  have 

exh ib i t ed  magnetoresistance c h a r a c t e r i s t i c s  on a p a r  wi th  t h e  

better modified rec tangular  s l a b s  and Corbino d i sks .  These 

unexpected h igh  magnetoresistances a r e  a t t r i b u t e d  t o  t h e  f a c t  

t h a t  i n  each case  where t h i s  occurred, t h e  geometry and c o n t a c t  

arrangement w e r e  such t h a t  t h e  H a l l  e f f e c t  was minimized. 

T t  6as been shown t h a t  t h e  c l a s s i c a l  theory of magneto- 

r e s i s t a n c e  as der ived  from t h e  f r e e  e l e c t r o n  model and t h e  

phenomenological equation i s  no t  app l i cab le  t o  high p u r i t y  

InSb. The f a i l u r e  of t h e  c l a s s i c a l  theory i s  a t t r i b u t e d  t o  t h e  

f a c t  t h a t  i n  InSb, both the dens i ty  of energy l e v e l s  and t h e  

s c a t t e r i n g  mechanism a r e  func t ions  of t h e  magnetic f ie ld .  The 

magnetoresistance effects p red ic t ed  by quantum theory vary 

f r o m  a quadra t i c  dependence upon H f o r  l o w  f i e l d s  t o  a l i n e a r  

dependence upon H f o r  high f ie lds .  For InSb specimens i n  

which t h e  t r ansve r se  magnetic f i e l d  i s  va r i ed  t o  a value of 

s e v e r a l  k i logauss ,  t h e  magnetoresistance is  e s s e n t i a l l y  a 

l i n e a r  func t ion  of H. 
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4. C i r c u i t  Analysis 

The c i r c u i t  diagram of t h e  Bridge MR conver te r  i s  shown 

i n  Figure 1, This  converter  c o n s i s t s  of t h e  thermionic source,  

E, w i th  i n t e r n a l  r e s i s t ance ,  rs, four  magnetoresis tors  which 

comprise t h e  legs  of t h e  br idge,  two magnetic f i e l d  sources  for 

s t imu la t ion  of t h e  magnetoresis tors ,  a 1:N step-up power t r a n s -  

former, and t h e  equiva len t  load r e s i s t a n c e  of t h e  conver te r  %. 

N 

Figure 1 

In  t h i s  conver te r ,  the  DC t o  AC conversion is  accomplished 

by  a l t e r n a t e l y  s t imu la t ing  t h e  two p a i r  of magnetoresis tors  

comprising oppos i te  legs of t h e  br idge ,  This switched vol tage  

d i v i d e r  a c t i o n  produces an a l t e r n a t i n g  vol tage  a t  t h e  output  

te rmina l  p a i r  of t h e  br idge proper ,  
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For square wave magnetic f i e l d  s t imu la t ion ,  one p o s s i b l e  

e l e c t r i c a l  s t a t e  of t h e  MR Bridge i s  shown i n  Figure 2.  H e r e  

t h e  o f f - f i e l d  r e s i s t a n c e  of each magnetoresis tor  is  R, whi le  

it has  an on- f ie ld  r e s i s t ance ,  KR, 

Figure 2 

The mesh equat ions f o r  t h i s  conf igura t ion  reduce to :  

di.4 3 d i  
+ M a - F  ve P 3 P T  

= ( R e + r  ) i  +L 
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An equiva len t  c i r c u i t ,  which i s  represented by the 

equat ion (10) i s  shown i n  F igure  3 .  

J '% 

Figure 3 

It should be pointed o u t  he re  t h a t  t h e  equ iva len t  c i r c u i t  

of Figure 3 i s  va l id  only for  c a l c u l a t i n g  t h e  c u r r e n t s  i 

i4. 
source,  E ,  cannot be der ived f r o m  t h i s  s impl i f i ed  equiva len t  

c i r c u i t .  In  order t o  c a l c u l a t e  t h e  inpu t  power, it is  necessary I 

t o  refer t o  Figure 2. The c u r r e n t  suppl ied by t h e  source E is: I 

and 3 
The a c t u a l  power input  t o  t h e  conver te r  f r o m  t h e  thermionic 

I 

I 

R( ~ - 1 )  
i3 + i, = il-i2 = 2E 

R(K+1) + 2 r  g R(K+~) + 2 r g  
I 

~ 

With t h i s  expression for  source cu r ren t ,  t h e  i n p u t  power t o  t h e  

conver te r  during t h e  f i r s t  h a l f  period can be ca l cu la t ed ,  
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During t h e  second ha l f  per iod of magnetic f i e l d  e x c i t a t i o n  

t h e  e l e c t r i c a l  r o l e s  of t he  two p a i r  of magnetoresis tors  a r e  

reversed,  The e l e c t r i c a l  s t a t e  of t h e  MR Bridge i s  then as 

shown i n  Figure 4 -  

F i g u r e  4 

The simplified equiva len t  c i r c u i t  f o r  t h i s  case  i s  shown 

i n  Figure 5, T h i s  c i r c u i t  i s  i d e n t i c a l  t o  t h a t  of Figure 3 

w i t h  t h e  except ion t h a t  t he  equiva len t  vo l tage  source i s  

reversed.  

Figure 5 
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The equat ions f o r  t h i s  c i r c u i t  a re :  

d i 4  
+ L p d t + M a t  

3 d i  
= (Re+' ) i  

-ve P 3  

O = M K  + (%+rs) i4  -+ Ls at 
d i3  d i 4  

During t h i s  h a l f  per iod of e x c i t a t i o n ,  t h e  c u r r e n t  

suppl ied by t h e  thermionic source E is: 

R(K-~) 
i3 

- - 2E 
E R(K+1) + 2 r  R(K+1) + 2 r  

g g 
= i l - i 2 -  

It i s  apparent  f r o m  t he  forms of equat ions (10) and (13) 

t h a t  t h e  t w o  s epa ra t e  cases s tud ied  thus  f a r  may be combined 

i n t o  one e n t i t y .  The equiva len t  c i r c u i t  which r e s u l t s  f r o m  

t h i s  combination i s  shown i n  Figure 6. 

e 
R 

Figure 6 

The set  of equat ions  which desc r ibe  t h e  e lectr ical  behavior 

of t h i s  c i r c u i t  becomes: 
d i 4  3 d i  

+ L  - + M -  
P d t  d t  

e ( t )  = ( ~ , + r  ) i  

d i  
P 3  
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The vol tage  source,  e ( t ) ,  has the form shown i n  Figure 7. 

The per iod ,  2a, of t h e  square wave i s  t h e  pe r iod  of the  magnet ic  

f i e l d  e x c i t a t i o n  appl ied  t o  t h e  magnetoresis tors .  

Figure 7 

From the  s o l u t i o n s  f o r  i and 2 i n  t h e  p a i r  of simultaneous 3 4 
d i f f e r e n t i a l  equat ions (14), t h e  input  power from t h e  source,  

and t h e  power de l ive red  t o  t h e  load can be ca l cu la t ed .  

The s o l u t i o n s  t o  these  equat ions a r e  somewhat cumbersome 

for  gene ra l  analyses  o r  numerical c a l c u l a t i o n s  by manual methods: 

however, t he  expressions a r e  w e l l  adapted t o  d i g i t a l  computer 

s o l u t i o n .  

computation i n  t h e  eva lua t ion  process .  

The analog computer can reduce much of t h e  a n a l y t i c a l  
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5. Conversion Eff ic iency f o r  t h e  Bridge MR Converter 

The maximum power which t h e  thermionic source can d e l i v e r  

t o  a load is: 
3 

With t h e  inc lus ion  of the source i n  t h e  Bridge MR Converter, 

t h e  maximum power which t h e  conver te r  can d e l i v e r  t o  a load is: 
m 

From t h i s  expression,  it is apparent  t h a t  t h e  maximum power 

which t h e  conver te r  can supply t o  a load i s  less than t h a t  

a v a i l a b l e  from t h e  source. This  de t r imen ta l  a spec t  of t he  

conver te r  c i r c u i t  is minimized f o r  t h e  magnetoresis tor  having 

t h e  p r o p e r t i e s  : 

K >> 1 

2 R  r 
g 

Under t h e s e  condi t ions ,  t h e  conversion e f f i c i e n c y  approaches 

the  value: 
D c c = - -  ac - 1005 
'aE 

A p l o t  of e f f i c i ency  versus  magnetoresistance r a t i o  is 

shown i n  Figure 8. This was obtained by analog computer 

s o l u t i o n  of t h e  MR Bridge equat ions  wi th  appropr i a t e  s c a l i n g .  
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6 . Magnetoresistance Experiments 

A npmber of d i f f e r e n t  geometr ical  shapes, f o r  bo th  

bismuth and indium antimonide, have been t e s t e d  f o r  t h e i r  

magnetoresistance p r o p e r t i e s .  None w e r e  found t o  be 

c o n s i s t a n t l y  bet ter  than t h e  Corbino d i sk ,  although s o m e  came 

q u i t e  c lose .  I f  converter  design warrants ,  t h e  Corbino d i s k  

could be replaced by a more adaptable  geometry i f  a smal l  

loss i n  t h e  magnetoresistance r a t i o  could be t o l e r a t e d .  

Some geometries w e r e  found f o r  which t h i s  loss would amount 

t o  only two o r  t h r e e  percent .  

-15- 
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Some of t h e  more i n t e r e s t i n g  geometr ical  experiments a r e  

represented  by t h e  specimens i l l u s t r a t e d  i n  Figure 9.  

The r e s u l t s  l i s t e d  i n  Table 1 a r e  t y p i c a l  f o r  t h e s e  geometries.  

Table 1 

Representat ive T e s t  Data f o r  t h e  Geometries Shown i n  Figure 9 

Sample I T(OK) H ( W  "f;, Ro (ohms) 

A (  InSb) 1 amp 300 21-5 6.15 0 035 
B( InSb) 1 amp 300 21.5 22,5 0.016 
C ( InSb) 1 amp 300 21.5 50-0 0 0035 

20.0 5 1 ~ 2  0.0041 D( InSb) 1 amp 300 
D ( B i )  10 amp 80 20.0 145.0 0.012 

N o t e  t h a t  t h e  MR ra t io  (R/Ro) f o r  specimen C is nea r ly  t h a t  

found f o r  t h e  Corbino disk (specimen D ) .  This unexpected high 

magnetoresistance f o r  specimen C is  a t t r i b u t e d  t o  t h e  f a c t  t h a t  

t h e  geometry and con tac t  arrangement is  such t h a t  t h e  H a l l  e f f e c t  

i s  minimized, 


